The crystal and molecular structure of aminoguanidine monohydrochloride, CN4H 7+.CL, in which aminonoguanidine exists in the monocation form, was determined by single-crystal X-ray diffraction. The structure of the monocation is largely similar to that of aminoguani dine dication as present in previously studied divalent salts. The monocation was found to exist in the form of the tautom er that allows strong resonance in the guanyl group. As compared to the dication, the terminal hydrazine nitrogen atom bears one hydrogen atom less. The monocation is planar, the only atoms deviating from the plane being the hydrogens attached to the terminal hydrazine nitrogen. Q uantum chemical calculations on the endi amine tautomer of aminoguanidine free base as well as on aminoguanidine monocation and dication were also perform ed by using the HF and MP2 ab initio methods and also the B3-LYP and B-LYP methods based on density functional theory. On the basis of the calculations, a predicted structure of the endiamine tautom er of aminoguanidine free base is presented.
Introduction
We have previously studied aminoguanidine (AG) monocation and dication from an experi mental point of view [1] [2] [3] . As the experimentally determined structures for AG dinitrate [1] and AG sulphate [2] seemed to suggest features that could shed light on the structure of this much de bated class of molecules, we have now also d eter mined the structure of AG monohydrochloride by single-crystal X-ray diffraction. These results in spired us to undertake a provisional com puta tional study of the AG free base and AG m onoca tion and dication, by quantum chemical methods based on ab initio molecular orbital theory [4] and density functional theory (DFT) [5] , The readily available DFT methods implemented in Gaussian 94 [6] greatly facilitated this task. The investiga tion of the m onoprotonated AG species, in which the compound exists in the monocation form, was also motivated by the wide synthetic utility of the species.
AG is a compound of interest due to its many pharmacological effects, and an im portant starting material in the syntheses of various drugs and en zyme inhibitors. AG is able to inhibit diamine oxi dase, an im portant polyamine-degrading enzyme [7] . Recently, it has received great attention e.g. because of its ability to inhibit nitric oxide syn thase [8] [9] [10] , It has also been reported to prom ote the healing of stress gastric lesions [11] and to pre vent some pathophysiologic changes typical of streptozocin diabetes [12, 13] . Reports have also appeared suggesting that AG might be efficacious in preventing diabetic polyneuropathy and dia-betic vascular dysfunction [11] [12] [13] [14] [15] . It also inhibits advanced glycation end-product formation [8, 14] .
The crystal structures, solution equilibria and spectroscopic properties of many bis(amidinohydrazone)-type derivatives of AG have been studied in detail in recent years [7. 16-31] . We have also reported the crystal and molecular structures of AG sulphate, CN4H 82+.S 0 42' [2] and dinitrate, CN4H 82+.(N 0 3")2 [1] . In these species, AG is dou bly protonated and thus exists in the form of a dication. In both cases, the dication was found to exist solely in the form of one tautomer, namely the one in which strong formal resonance is pos sible in contrast to the other possible tautomers (see Fig. 1 ).
Although the synthesis of guanidine free base has been reported [32], it has neither been possible to isolate AG free base in pure form nor to crystal lize it for experimental structure determination. Comparison of the experimental structure of the monocation reported here and the experimentally determ ined structures reported for the dication in the solid state [1, 2] , with the calculated structures of the corresponding free molecule and molecular ions yields a way to forecast the structure of AG free base.
Materials and Methods

Synthesis of AG monohydrochloride and preparation of crystals
AG m onohydrochloride was prepared by dis solving 20.1 g (0.15 mol) of AG bicarbonate (Al drich Chemie, Steinheim, Germany) in 160 ml of 1.00 M aqueous hydrochloric acid (0.16 mol) and by heating with efficient stirring for 2 h at 60 °C in an open beaker. A colourless solution was ob tained. Water was evaporated using a rotary evap orator and the product was isolated by suction filtration followed by washing with a mixture of water and ethanol (10 ml / 5 ml).
To obtain single crystals, 4.42 g of the product were dissolved in 50 ml of water and the colourless solution was allowed to evaporate to dryness at room tem perature yielding colourless prismatic plates.
X-ray crystallography
The crystal was transferred to an inert oil [perfluoropolyether RS 3000 (high viscosity), 33516 Riedel-de Haen. Seelze, Germany] [33] and used for X-ray measurements. Crystal data were mea sured at 193 K on a Rigaku AFC-7S single-crystal diffractom eter using graphiteo monochromatized M oK a radiation (A = 0.71073 Ä). The cell param e ters were determ ined by least-squares treatment of the adjusted angular settings of 17 reflections (7.O°<20<12.O°). The intensity measurements were carried out by the co-26 scan technique. The scan rate varied from 2.5 to 29.3° m in"1 depending on the num ber of counts m easured in a fast prelimi nary scan. Three standard reflections measured every 200 reflections showed the intensity varia tion to be random and within 1% with respect to the mean. The intensities were corrected for Lo rentz, polarization and extinction effects and ab sorption.
The structures were solved by direct methods [34] . Hydrogen atoms were determ ined from the difference map and refined with isotropic tem per ature factors. Successive calculations and full-matrix least-squares refinem ent with non-hydrogen atoms anisotropic and hydrogen atoms isotropic 
Quantum chemical calculations
We used the Hartree-Fock (HF) and second-order M0ller-Plesset perturbation (MP2) theories in the conventional ah initio calculations and density functional methods (B-LYP and B3-LYP) to opti mize molecular structures for each of the species studied here. At all levels, the standard basis set 6-31G(d) was used. These quantum chemical cal culations were perform ed by using Gaussian 94 [6] installed on a CrayC94 supercom puter (CSC, Es poo, Finland). In each case, the structures were fully optimized and the nature of the minimum achieved was checked by vibrational analysis.
Results and Discussion
Crystallographic structure of AG monohydrochloride
The structural formulae of AG monocation and dication are shown in Fig. 1 . A drawing of AG mo- Table I . Crystallographic and structure solution data for AG monohydrochloride.
nohydrochloride, as present in the m onohydrochl oride salt is shown in Fig. 2 . A list of measured interatom ic distances, bond angles and dihedral (torsion) angles is shown in Table II. Compound formula Mr Space group Crystal system W hen studied by single-crystal X-ray diffraction, the structure of AG monocation, as present in the crystals of AG monohydrochloride, is largely sim ilar to the structures of AG sulphate and dinitrate [1, 2] . As compared to the dication in the latter, there is one hydrogen atom less attached to N1 in the monocation. The monocation is remarkably planar, the only atoms deviating from the plane being the hydrogen atoms attached to the terminal hydrazine nitrogen N l. The bonds between the carbon and the adjacent nitrogen atoms are essen tially equally long. Thus, these bonds seem to have com parable double-bond character, and the posi tive charge can be regarded as delocalized over the guanyl group. The crystal is made of parallel stacks of planes held together by an extensive hy drogen bond network.
Just as in the case of AG dication [1, 2] , the monoprotonated form of AG can in principle exist in the form of several different tautomers. In the crystals of AG monohydrochloride, the only tauto mer observed was the one allowing a strong formal resonance in the guanyl group (Fig. 1) .
Quantum chemically calculated structures
The fully optimized structural param eters calcu lated by the HF, MP2, B-LYP and B3-LYP m eth ods with the standard basis set 6-31G(d) for AG free base, monocation and dication (Fig. 3) are listed in Tables III-V , respectively. Table II . Measured bond lengths (Ä). bond angles (°) and selected dihedral angles (°) of AG monohy drochloride.
Comparison of experimental and calculated structures
In the monocation, the calculated bond lengths for the bond between Cl and N2 differ from the experimental ones by 0.003-0.036 A. For this par ticular bond the smallest difference is observed at the HF level. The same is true for the dication, in which the differences fall in the range 0.030-0.059 A. As expected, the largest differences are invaria bly found in the case of the B-LYP results. The MP2 and B3-LYP results are essentially similar to each other and in between those obtained at the HF and B-LYP levels. The N2 -NI bond lengths in the m onocation are calculated too short at all other levels of theory but B-LYP that overesti mates the value by 0.008 A as com pared to the (2) 108.7(1) 107.1 (1) 111 (2) 117.6(2) 118.8 (2) 124 (2) 119.6 (14) 118.8 (2) 121 (2) 118.9(2) 117.3 (2) 122 (2 tion, the best agreem ent between experim ental and calculated values for the C l -N4 bond are found at the MP2 and B3-LYP levels. The same is true for the dication for which differences between the calculated and experimental values are very small (in the dinitrate 0.001 and 0.003 A, and in the sulphate 0.004 and 0.006 A, respectively). The N -H bond lengths offer no surprises in that the experimental values determined by X-ray crystal lography are too short. Overall, there are two important trends in the calculated bond lengths. The first is the increase of the length of the C l -N2 bond when going from the free base to the dication. The second is the decrease of the length of the N2 -NI bond when going from the the free base to the monocation and the subsequent increase when going from the monocation to the dication. The explanation calls for detailed discussion of three theories: resonance [36], Y-delocalisation [37, 38] and coulombic in teractions [39] . We refer this detailed discussion to a subsequent paper [40] . The bond angles clearly show that the hybridisa tion of nitrogen atoms undergoes changes on pro tonation of AG. In the calculated structure of the free base, only N2 is unequivocally sp2 hybridised. All other nitrogen atoms have predom inant sp3 character. Consequently, the N H 2-groups are py ramidal in accordance with calculated results ob tained by previous authors for guanidine-type molecules [41] .
In the m onocation and the dication, NI is the only nitrogen atom with clear sp3 character. The N3 and N4 N H 2-groups are planar and lie in the plane of the cation.
The dihedral angles present few suprises. In the free base, the plane of the molecule has been turned during the process of optimisation by 6 .5 -8.4° as can bee seen in Table III . The calculated differences between the N3 -C l -N2 -NI and N4 -Cl -N2 -N I dihedrals are almost exactly 180° at all of the levels of theory investigated. This indicates that the heavy atoms are all in the same plane. The pairwise differences between the H3A -N3 -C l -N2 and H3B -N3 -C l -N2, H4A -N4 -C l -N2 and H4B -N4 -C l -N2, and H1A -NI -N2 -C l and H IB -NI -N2 -C l dihedrals are all approximately 120°, which is the expected value for sp3 species.
In the monocation, the heavy atoms are also in the principal plane of the cation as can be seen from the differences of the respective dihedral an gles in the calculated structure (Table IV) . The pairwise differences of the dihedral angles involv ing the hydrogen atoms indicate that the NH2 groups bonded to C l are planar and almost ex actly in the plane of the molecule. The experimen tal values agree with this in general, but the N H 2-groups have been experimentally found to be twisted slightly out of the main plain of the m ole cule. The N1 NH 2-group shows a difference of 120° in the calculated dihedral angles, which is the expected value for sp' species. H2A is in the plane of the molecule. The differing experimental result is explained in terms of hydrogen bonding. As can be seen from Table IV, the B-LYP results differ from all other computational results presented for the dihedral angles of the AG monocation in con trast to the valence bond angles, which are gen erally correctly calculated by the B-LYP method. The potential energy surface for the B-LYP is too flat due to the non-local nature of the functional used. This yields inaccurate dihedral angles for conjugated species involving nitrogen atoms.
The principal plane of the dication has turned away from the initial position even more than in the case of the monocation, but the differences of theN3 -Cl -N2 -N1 and N4 -Cl -N2 -N1 dihe dral are still close enough to 180° to indicate that the heavy atoms are in plane (Table V) . The N4 N H 2-group is no longer coplanar with the plane of the heavy atoms. At the HF level. H2A appears to be within the plane of the dication, but at all the other levels of theory it appears out of the plane formed by the heavy atoms. The difference between the H3A -N3 -C l -N2 and H3B -N3 -Cl -N2 dihedrals is closer to 150° than 180°. This is intermediate between the values expected for sp2 and sp3 species. A possible cause for this is intramolecular electrostatic interaction between N1 and H3B as the interatomic distance between the two atoms is 2.7-2.9 A. depending on the level of theory, and as the lone pair on N1 is oriented towards H3B.
Structure of AG free base
On the basis of the foregoing, the principal aim of this paper -obtaining a reasonable prediction for the strucure of AG free base -has been accom plished. The B3-LYP and MP2 results for AG and its mono-and dications agree well with the experi mental ones, allowing for the reservations de scribed earlier. The B3-LYP and MP2 results are effectively equal. As B3-LYP requires much less com puter time than MP2, it is the preferred m ethod of the two. On the basis of our results, we suggest that AG free base has the structure indicated in Table VI . The differences to earlier computational results [38] are explained by the following: Unlike Sapse and co-workers, we have not used structural con straints during optimisation, and we have included polarisation functions for the heavy atoms in the basis set. The available experimental results were taken into account in evaluating the calculated results.
